Introduction
Metallic nanoparticles have been widely studied over the past few years notably for their applications in microelectronics [1] [2] [3] . In addition to its use as a filler in conductive (ACAlACF) and non-conductive (NCF) films dedicate� to fine-pitch flip-chip applications [4] , nanopartlcles can be used to perform circuitry on rigid or flexible substrates after being dispersed in a solvent based vehicle [5] . Prevalence of their high surface area to volume ratio and its benefit on sintering activation by reducing melting temperature has been reported in previous works [6, 7] . Those colloidal suspensions exhibit a high . processability which enables the use of high resolutIOn and low cost techniques especially inkjet printing. This technique allows the reduction of process steps by a factor of three compared with common photolithography. The later is basically divided in six steps consisting in coating the base layer with several materials, before masking to transfer the circuitry patterns from a dedicated mask. After that, etching and stripping steps are performed. On comparison, inkjet is limited to the pattern direct printing on the base layer and to the curing of the deposited ink in order to remove solvents to initiate the film cohesion and to improve electrical con;act between nanoparticles. This curing step can be carried out using either a conventional oven or other selective techniques such as laser, microwave and joule heating [8] [9] [10] . This additive approach is thus time and cost-saving for the fabrication of 2D interconnects and passive electronics. Nonetheless, films produced by this technique are usually nanoporous which simultaneously affects the electrical and the mechanical properties of printed structures [11] .
In this paper, we report on new developments of wire bondable pads for flexible chip-on-board and lead-frame applications using thin films made of sintered silver nanoparticles followed by nickel electroless plating. In fact, low electrical resistivity of nanoporous silver is obtained through the optimization of sintering temperature ramps. Mechanical characterization shows that the Young's modulus and hardness still has to be improved for gold wire bonding process. This is achieved by surface finishing using nickel plating that shows a dependence to the initial microstructure of printed silver pads especially by affecting adhesion strength at the silver/nickel interface. The present technology is demonstrated through the implementation of IC chips in flexible boards.
Tuning of inkjet printing parameters
Patterns have been designed and printed using 40 nm silver nanoparticles ink on A4 Kapton sheet. higher the contact area between nanoparticles is, the lower the electrical resistivity will be [16] :
where K, y(K), p, a are respectively the Knudsen number Interconnects reinforcement by electroless nickel plating Nanoporous films usually exhibit different mechanical properties compared to the bulk, especially when the elastic modulus and hardness are considered [18] .
Basically, those two parameters have low values that are greatly affected by the porosity as well as by the grain size. For successful wire-bonding operation, a thick and harder pad metallization is required in order to absorb the stress resulting from wire loading.
The direct bondability of gold wire on printed silver pads has been performed by connecting the lead-frame to the IC chip. It has been observed that whatever the microstructure of silver, the bonding step failed. Pad damages including silver splash and lifting are observed (see Figure 3) showing that both cohesive and adhesive fracture modes occurred. Those failure observations were attributed to the low Young's modulus and hardness of sintered silver pads, compared to the gold mechanical properties.
This key issue has been addressed using selective electroless nickel plating for pads reinforcement for gold wire bonding. This process has been widely adopted in microelectronics industry for the past few years as a consequence to lead-free solders specifications and for under-pads damage protection. Electroless nickel is an auto-catalytic process that is deposited from a hypophosphated nickel bath. Hz using Berkovich tip. In order to take into account the high disparity of porosities on silver surface, 64
indentations has been performed on each sample and the resulting average is presented in Figure 6 . .J; + � AcEr 2.,fA;Es (2) .,fA;
where E and v are the Young's modulus and Poisson's ratio (r, i, f and s subscripts stand respectively for reduced, indenter, film and substrate properties), Ac is the projected contact area and t is the film thickness. On the other hand, nickel plating increases the overall modulus to values higher than 100 GPa in all cases, due to anisotropic nickel growth. Results from Figure 7 show that the Young's modulus is all the more great that the porosity content is high. Nonetheless, in all cases, Ni-Au plating enabled wedge-bonding of 25/lm diameter gold wire with a bonding force comprised between 18 and 20g (see Figure 8 ) . 
Packaging performance
Once the feasibility is demonstrated, the process has to be validated by proving its capability in microelectronics systems. A lead-frame has thus been purposely designed and inkjet-printed on a polyimide substrate to host an IC chip in order to test performance of package from adhesion of plated interconnects to wire bonds robustness, including contact resistance measurements between plated pads and gold wire. The testing package is shown on Figure 9 . Nonetheless, the interface between gold and nickel presents a given contact resistance that has to be measured to prove applicability of the whole process. A chain of wire bonds has been processed on Kelvin type structures printed and consequently plated with Nil Au. 
Conclusions
In this paper, we reported the latest developments on inkjet-printed interconnects compatibility with standard wired connections. Wedge bonding of 25 11m diameter gold wire has been performed on finished surfaces using electroless nickel immersion gold plating process.
Electrical and microstructural characterization of the base silver layer has been performed so that the latching of the nickel growth could be tailored. The challenge, here, was to successfully perform wired connections on printed and malleable bond-pads whose thickness can fall down to 300 nm. The improved mechanical behaviour measured by nanoindentation has been correlated to the good performances of the wedge bonding, both electrically and mechanically in tensile stress. Robustness of the wired connections seemed controlled more by the surface state of nickel layer than to the initial microstructure of silver layer. A functionality test finished to validate the process exposed in this paper for chip-on-flexible devices.
The prospective advantage of direct printing for interconnects and bond-pads technologies combined with electroless plating is thus a good alternative to conventional metallization techniques and offers new opportunities for low cost and flexible electronic packages.
